Habitats may have dynamics that exist independently of the population densities of species occupying the habitat. For example, ephemeral habitat patches may disappear regardless of whether a particular species is present or not. Such habitat dynamics are frequently modelled by ignoring age-related variation in patch turnover rates. This can be thought of as a temporally implicit approach. An alternative, temporally explicit approach involves using age-structured models in order to describe variations in habitat dynamics. Simple models of coexistence between competing species show that temporally implicit models may be misleading where there is age-related variation in patch dynamics. Changing the shape of the patch survivorship function but not the average patch survivorship can result in mutual extinction, monocultures or coexistence of an inferior and a superior competitor. An explicit treatment of habitat demography may therefore o¡er improved predictive models and alternative landscape management strategies.
INTRODUCTION
Ecology has a spatial context and consideration of the spatial structure of habitats has stimulated a wide variety of research (Kareiva & Wennergren 1995; . Spatial structure itself is de¢ned by information on the distances between locations, where the distances exist independently of any particular species. Ecologically relevant phenomena can occur when distances between locations determine the extent to which local populations are linked. If habitats can posses a spatial structure relevant to ecology, is it possible that the temporal structure of habitats is also potentially important? In order to answer this question it is necessary to de¢ne what constitutes the temporal structure of habitats. I will then use a simple model in order to demonstrate the importance of temporal habitat structure using the predictions of structured and unstructured models.
Spatial structure exists because locations are de¢ned independently of population density. In contrast, temporal structure exists when habitat dynamics are de¢ned independently of population density. For example, a habitat may change states regardless of the population density of a particular species. This kind of independent habitat turnover has been recognized as a potentially important theme for future metapopulation research (Holyoak & Ray 1999) . The emphasis on habitat dynamics independent of population structure distinguishes habitat ecology from population dynamic models with di¡erent degrees of internal temporal structure (e.g. Tuljapurkar & Caswell 1997) . Some of the clearest examples of independent habitat dynamics are when succession from a suitable to unsuitable habitat occurs regardless of species occupancy: the presence of butter£ies in forest gaps, frogs in coastal pools or grasshoppers on shingle banks is not thought to in£uence the transitions from favourable to unfavourable habitats due to vegetative overgrowth (Debinski 1994 ; Sjo« gren Gulve 1994; Stelter et al. 1997) . Of course many models include some form of independent habitat dynamics. However, a second analogy can be drawn with spatial ecology. Space can either be treated implicitly (e.g. equidistant patches in Levins' (1969) metapopulation models) or distances between patches can be made explicit by using methodologies such as cellular automata . The analogy for temporal models is that implicit habitat dynamics de¢ne the transitions from one habitat state to another with a single rate, whereas temporally explicit habitat dynamics relate the values of transition rates to the passage of time. As an example of the two approaches, consider a habitat resource that persists for approximately two years before becoming unsuitable for occupation. A temporally implicit model would represent the dynamics using an expected persistence of two years (equivalent to a transition rate of 0.5 per year). In comparison, a temporally explicit model would retain information on the age of the resource, changing the state of each habitat patch to`unsuitable for occupation' after two years. Temporally implicit models are therefore unstructured as they ignore information on habitat age, whereas temporally explicit models are structured by information on habitat age.
There may be a variety of objections to the use of a temporally implicit approach in simplifying the temporal dynamics of habitats. Consider the example of a frog (Rana lessonae) metapopulation living in coastal pools (Sjoo« gren Gulve 1994) . Pools are formed along the Baltic coast by post-Pleistocene land uplift. Eventually vegetation overgrows and ¢lls in the pools, leaving them unsuitable for habitation by frogs. This process takes between 100 and 400 years. A temporally implicit model would de¢ne the transition to an unfavourable habitat with an`overgrowth probability'. This has the unfortunate consequence that there is a ¢nite probability that a newly created pool will be rapidly ¢lled in with vegetation. Such a rapid in¢ll is unlikely to represent the real fate of newly created pools. If the overgrowth probability is applied to each pool, there will be a smooth exponential decrease in the number of pools in successive age classes. This age distribution is unlikely to be representative of a system where most pools persist for between 100 and 400 years before overgrowth. An unsuitable habitat can clearly have the same sort of explicit dynamics as a suitable habitat. For example, there may be a particular recovery period after a disturbance before conversion to a suitable habitat is possible.
Given the potential di¡erences between temporally implicit and temporally explicit habitat dynamics, it is surprising that there has been no speci¢c distinction between the two forms of model. In fact, examples of models that contain temporally explicit habitat dynamics are rare in comparison to temporally implicit representations. Typical examples of a temporally implicit approach to transiently available habitat have been given by Comins et al. (1980) , Caswell & Cohen (1991) and Travis & Dytham (1999) . Habitat persistence is modelled as a random process based on mean patch life span (Travis & Dytham 1999 ). In comparison, there are a limited number of examples of a temporally explicit approach to transiently available habitat. Paine & Levin (1981) took a temporally explicit approach to gaps in a mussel mosaic; however, the population dynamics of species occupying gaps were not examined in this study. Gyllenberg & Hanski (1997) introduced a general framework based on a state transition matrix for considering the dynamics of patch quality. By considering patch age instead of patch quality, the ageing process of sites within landscapes was included in single-species metapopulation models by Brachet et al. (1999) and Johnson (2000) .
(a) Coexistence due to a competition^colonization trade-o¡ An important body of theory examines the coexistence of species competing for the same resource. One mechanism that permits coexistence is where there is a trade-o¡ between competitive ability and the colonization of unoccupied sites (Levins & Culver 1971; Nee & May 1992 ). An inferior competitor can persist by colonizing new sites even if it is completely excluded from sites occupied by a superior competitor. However, in such cases the inferior competitor must be a more e¤cient colonizer of unoccupied sites or less susceptible to intrinsic extinction than the superior competitor. Simple models of competition^colonization trade-o¡ suggest that habitat destruction will result in increased abundances of species which are inferior competitors but relatively e¤cient colonists (`weedy' species) with time-delayed extinction of superior competitors (Nee & May 1992; Tilman et al. 1994 ; although see the critique of McCarthy et al. (1997) ). Local population loss in previous models of competitors occupying a network of habitat patches has been modelled as intrinsic extinction as well as a result of habitat change. However, these models can generally be considered to be temporally implicit as patch disturbance rates were not independently related to patch age (e.g. Caswell & Cohen 1991; Pacala & Rees 1998).
STRUCTURED AND UNSTRUCTURED MODELS
In a landscape consisting of an in¢nite number of patches, which can be either suitable or unsuitable for occupation by a species, the simplest representation of habitat dynamics is by describing patch turnover with a single rate. A disturbance is assumed to extinguish any populations at the a¡ected site and instantaneously recycle the patch as an available and unoccupied location (e.g. Pacala & Rees 1998 ). An example of this could be where ¢re destroys vegetation cover, leaving open ground which is suitable for colonization. As an alternative, the conversion from a suitable to unsuitable habitat and back to a suitable habitat could be described by two or more probabilities. For example, at least two separate rates would be needed in describing the loss of gravel bars in rivers to vegetative overgrowth and the removal of overgrowth during £oods (Stelter et al. 1997) . In order to represent any age-related changes in patch disturbance rate, a series of probabilities representing the creation of new patches from unfavourable habitat and the loss rate of all successive age classes of patch is needed. These probabilities can be combined into a transition matrix which then de¢nes the dynamics of all age classes of patch in the overall landscape (Brachet et al. 1999; Johnson 2000) . It is assumed in the analysis presented here that patch transformation rates are constant within each class of patch. This allows the derivation of simple equilibrium solutions giving the fraction of the total landscape unsuitable for occupation and of suitable patches of di¡erent ages. It is possible to imagine processes which synchronize the dynamics of suitable patches (e.g. the creation of large numbers of forest gaps during a storm). Such a situation clearly requires a structured model that can include the external forcing applied to the system. However, the system-speci¢c dynamics associated with correlations in forcing and the associated transient behaviour lie beyond the scope of the comparisons between structured and unstructured models presented in the current study.
In a simple metapopulation model of patch occupancy, the colonization of available habitat depends on the supply of colonists from occupied patches whilst extinction (and patch loss through succession or disturbance) removes a fraction of the occupied patches (Levins 1969; Caswell & Cohen 1991) . The explicit de¢nition of the age-related changes in patch disturbance rate in a transition matrix requires that any metapopulation model is also structured by patch age. Following the assumptions of Levins' (1969) model, the occupancy dynamics for each age class of patch in a temporally structured habitat are given by
where A i,t is the fraction of the total habitat occupied by species A in patches of age i at time t, H i is the fraction of suitable habitat consisting of patches of age i, c A is the rate at which suitable unoccupied habitat is colonized, e A is the intrinsic extinction rate of local populations, s i is the probability that a patch of age i will become unsuitable for occupation due to disturbance (or habitat succession) and m is the maximum age class of patch. Patches of age zero (H 0 ) represent the equilibrium fraction of habitat which is unsuitable for occupation. Disturbance and succession are used interchangeably. However, it seems more likely that succession (deterministic habitat change) will be the cause of age-related variation in patch transition rates. In this particular example only the patch disturbance rate varies with patch age, but alternative models could also include variation in colonization or extinction rates with patch age. In the special case where all values of s i are identical it is possible to sum across all age classes of patch to produce an unstructured, temporally implicit model ( Johnson 2000) , i.e.
where · s is the average habitat succession rate. In the absence of patch losses to succession, equation (2) is equivalent to the discrete model without a rescue e¡ect given in Hanski et al. (1996) . If patch succession rates vary with age, equation (2) will only approximate the dynamics of an age-structured model, with the di¡erence between models dependent on the degree to which s i and A i,t covary. Consider a second species (species B) competing for available habitat in the network of patches occupied by species A. Species B is an inferior competitor and cannot invade patches already occupied by species A. However, the superior species, i.e. species A, can invade patches already occupied by species B. This patch invasion process leads to the instant exclusion of the inferior competitor (Nee & May 1992; Dytham 1994; Tilman et al. 1994) . Instantaneous replacement of the inferior competitor simpli¢es the mathematics while restricting a number of possible mechanisms that can promote coexistence, such as delays in competitive replacement and pre-emption of space (Begon et al. 1996) . However, the inclusion of more realistic species replacement dynamics does not qualitatively a¡ect the model results (Nee & May 1992) . Given the instantaneous exclusion rules outlined above, the dynamics of an inferior competitor in each age class of patch are given by
where c B and e B refer to the colonization and extinction rates of local populations of the inferior competitor, i.e. species B. If there is no age-related variation in the patch succession rate, equation (3) can be summed across all patches to give
The equilibrium distributions of patches in each age class occupied by species A and B can be found by iteration of structured models linking the dynamics of occupied patches in each age class as described by equations (1) and (3). When there is no variation in habitat succession rates related to patch age, equations (2) and (4) can be solved in order to estimate the equilibrium fractions of the landscape occupied by the di¡erent species givinĝ
and
whereÂ ,B andĤ are the equilibrium fractions of the total landscape occupied by species A and B and the equilibrium fraction of available habitat, respectively. The structured (equations (1) and (3)) and unstructured models (equations (2) and (4)) represent temporally explicit and temporally implicit modelling approaches, respectively. The temporally implicit equivalent of a model where habitat succession rates vary with patch age involves replacing patch-speci¢c succession rates with · s, the average succession rate and solving the unstructured models (equations (2) and (4)).
(a) Comparison of structured and unstructured models It is di¤cult to generalize about the prevalence of di¡erent forms of habitat demography. Detailed studies, such as Paine & Levin (1981) , are rare and the potential variety of habitat dynamics is in¢nite. Given these constraints, three examples are used in order to demonstrate the di¡erences between temporally explicit and temporally implicit approaches. Habitat patches can be given a ¢xed life span such that most patches reach a certain age before becoming unsuitable. This is equivalent to type I`survivorship' (Begon et al. 1996) of patches. In contrast, an example can be given with relatively high succession rates of newly created patches which is equivalent to type III patch survivorship. Invariant patch succession rates can be considered as a type II survivorship response (Comins et al. 1980) . For simplicity, intrinsic extinction rates are considered to be negligible. This assumption does not qualitatively a¡ect the results. However, the comparative sizes of patch age-related and age-independent parameters do a¡ect the degree to which the predictions of temporally explicit and temporally implicit models vary ( Johnson 2000) .
Temporally explicit habitat ecology M. P. Johnson 1969
Examples of single-species, metapopulation models in temporally structured habitats show the in£uence of patch demography on metapopulation sizes (¢gure 1). The equilibrium fraction of the habitat occupied by a species is smallest where patches have type I survivorship and largest when patches have type III survivorship (see also Johnson 2000) . The bias values quoted in ¢gure 1 are calculated as the equilibrium fraction of occupied habitat lost to succession in structured, temporally explicit models divided by the equilibrium fraction of occupied habitat lost to succession in the equivalent unstructured model. Hence, the bias exceeds unity in ¢gure 1a, as the age class of patch with the largest occupancy is also the age class of patch with the greatest loss rate. Where patch loss rates do not vary with patch age the structured and unstructured models are equivalent and the bias equals unity. In comparison, in the case of type III patch survivorship, unstructured models overestimate the loss of occupied patches to habitat succession. The bias falls below unity as the age classes of patch with the greatest occupancy su¡er lower than average losses to succession. Any variation from identical patch succession rates in each age class will generate a bias value di¡ering from unity. Values of bias not equal to unity result in di¡erent predictions from temporally explicit and temporally implicit models. Conversely, if random events cause patch turnover to be age independent, a temporally explicit approach is unnecessary as a structured model will be no more accurate than a simpler unstructured model.
The di¡erences between temporally explicit and temporally implicit formulations are retained in models of competition^colonization trade-o¡. Depending on the patch demography applied, the phase space where coexistence is possible shifts along the yˆx axis (¢gure 2). The changes in the predicted coexistence occur in separate panels of ¢gure 2 despite the constant average patch succession rate in each example. In the absence of competition both species have the same threshold colonization rate, below which populations go extinct. The actual position of the threshold colonization rate varies due to the bias with which di¡erent patch turnover rates a¡ect population loss rates to habitat succession. The changes in the extinction threshold associated with variable patch demography also a¡ect the area of parameter space where an inferior competitor can escape from competition with the superior competitor.
DISCUSSION
Comparisons of simple models with temporally explicit and temporally implicit habitat dynamics demonstrate that the two approaches give di¡erent results when there is age-related variation in patch demographic rates. Many metapopulations may exist in landscapes where habitat change makes a contribution to population turnover (Thomas & Hanski 1997; Briers & Warren 2000) . Type I patch survivorship may be best represented by cases where each resource patch (e.g. pools, forest gaps, fallen fruit or carrion) lasts for a similar time-period. Variations in type or quality can result in type III patch survivorship functions (Paine & Levin 1981) . It might be argued that the di¡erences between temporally explicit and temporally implicit models are quantitative and, hence, can be largely ignored. However, there are practical reasons for opposing this. Consider the case of an extinction debt where permanent habitat loss reduces the equilibrium abundance of a species to zero (Tilman et al. 1994) . The actual time to extinction may be less than expected from an unstructured model if biases associated with age-related variations in patch demographic rates increase the actual population loss rate (¢gure 1a). Conversely, a species may persist for longer than predicted from unstructured models if patch succession rates follow ¢gure 1c. Recognition of the potential role of habitat demography in the persistence and population dynamics of species o¡ers alternative ways of managing landscapes (Levin & Paine 1974) . The dynamics of habitat patches can be considered in addition to approaches based solely on considerations of the area of suitable habitat. For example, a change in the age-related disturbance regime may lead to species coexistence instead of monoculture (¢gure 2). More speci¢c habitat management schemes may involve re-creating past disturbance regimes (Cissel et al. 1999) or managing combinations of patch harvesting and protection (Lindenmayer & Possingham 1996) .
Di¡erences between temporally explicit and temporally implicit models may not be just quantitative. In particular, age-related patch demography may have fundamental e¡ects in spatial models. Hendry & McGlade (1995) gave an example where an emergent spatial structure was dependent on the`memory' created by using cellular automata models that had increasingly explicit descriptions of the temporal dynamics of locations. Simulations of a beech forest had four basic states, with transitions from forest gaps to birch, then to mixed forest and ¢nally to beech cover (Hendry & McGlade 1995) . Death of beech trees created new forest gaps that were subsequently colonized by birch stands or mixed forest. The states of neighbouring cells in the cellular automata were used to modify the colonization process in favour of di¡erent states. In the simplest description of temporal dynamics (which Hendry & McGlade (1995) described as the`no memory' case) transition rates between successive states were calculated as the reciprocal of the local state duration time. This is a temporally implicit approach as there is no reference to how old states were. In the equivalent temporally explicit cellular automata (which was described as the`memory' case by Hendry & McGlade (1995) ) ages were tracked to give each stage a set duration. Local modi¢cation of the colonization process promoted spatial pattern in the simulations and led to di¡erences in cell state frequencies between spatial and non-spatial models. However, distinctive spatial structures were restricted to the temporally explicit model where the relatively reduced mortality of young trees allowed local interactions to be ampli¢ed (Hendry & McGlade 1995) . This suggests that age-related variation in patch demography may lead to novel e¡ects in spatial models.
Models of species interactions with temporally explicit habitat dynamics are not restricted to competitionĉ olonization trade-o¡. The models of Caswell & Cohen (1991) , which included representations of facilitation, inhibition and tolerance, can be extended by increasing the dimension of the transition matrices used. Additional matrix columns are needed in order to describe the agespeci¢c transitions between occupied and unoccupied patches. Similarly, models with a successional niche (Pacala & Rees 1998) can be extended to include agespeci¢c variation in disturbance rates. In each case, the need for a temporally explicit model can be assessed by calculating the bias generated by ignoring age-related variation in transition rates ( Johnson 2000) . There is no need to restrict the de¢nition of temporally explicit habitat dynamics to studies of successional systems. There are many instances where parameters vary non-randomly with time. For example, recent population dynamics studies have suggested that seasonal variation in parameter values may be important in small rodent population cycles (Batzli 1999; Hansen et al. 1999) . The ecological and evolutionary responses of species to temporal variations in habitat quality will be scaled by generation times (Stearns 1976 . Relationships between colonization rates and the presence of species in structured models where a competitive hierarchy exists and coexistence occurs due to competitionĉ olonization trade-o¡. The white area in the lower left corner of each graph represents parameter space where neither species persists. Extinction is de¢ned by numerical under£ow, i.e. where species occupancy fractions fall below 10 7 4 . The model parameters are the same as used in ¢gure 1: (a) type I survivorship, (b) type II survivorship or (c) type III survivorship of patches. Di¡erences between models are not dependent on variation in the equilibrium fraction of the total landscape composed of available habitat.
for examining the role of population structure on species dynamics (Tuljapurkar & Caswell 1997) . Application of similar techniques to the interactions of temporal habitat structure with population dynamics should be a fruitful area of research.
